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SAS-4 Is Essential for Centrosome Duplication
in C. elegans and Is Recruited to Daughter
Centrioles Once per Cell Cycle
2001; Middendorp et al., 2000; Salisbury et al., 2002).
The latter three are related to S. cerevisiae Mps1p and
Cdc31p, which are required for duplication of the spindle
pole body (SPB) (Baum et al., 1986; Winey et al., 1991).
While this is indicative of evolutionary conservation, the
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requirement for Mps1 in centrosome duplication is con-
troversial (Stucke et al., 2002). Two other proteins, the
Nek2 kinase and its substrate, C-Nap1, negatively regu-Summary
late separation of the newly duplicated centrosomes
(Fry et al., 1998; Mayor et al., 2000).The mechanisms governing centrosome duplication
remain poorly understood. We identified a gene called Intriguingly, even though the SPB and the centrosome
are analogous organelles, many of the components re-sas-4 that is essential for this process in C. elegans.
SAS-4 encodes a predicted coiled-coil protein that quired for SPB duplication in S. cerevisiae have no ap-
parent homologs in metazoans. Furthermore, severallocalizes to a tiny dot in the center of centrosomes
throughout the cell cycle. FRAP experiments with components that have been implicated in centrosome
duplication in vertebrate cells are not found in otherGFP-SAS-4 transgenic embryos reveal that SAS-4 is
recruited to the centrosome once per cell cycle, at metazoans. For instance, there are no clear homologs
of nucleophosmin, CP110, Nek2, or C-Nap in the ge-the time of organelle duplication. Additional evidence
indicates that SAS-4 is recruited to the daughter cen- nomes of D. melanogaster or C. elegans. One possibility
is that core mechanisms of MTOC duplication rely ontriole or a closely associated structure. These findings
identify SAS-4 recruitment as a key step in the centro- proteins that have limited primary sequence similarity
yet perform similar functions. Discovery of novel compo-some duplication cycle.
nents required for centrosome duplication in nonverte-
brate species may address this question.Introduction
The early C. elegans embryo is well suited for a cellular
and molecular dissection of centrosome duplication.Centrosomes are the major microtubule-organizing cen-
ters (MTOCs) of animal cells. Interphase cells possess Centrioles in C. elegans are 100 nm  100 nm (Wolf
et al., 1978), while the PCM is up to 2 m in diametera single centrosome, which duplicates upon commit-
ment to a new round of cell division; daughter centro- in early embryos (Strome et al., 2001; Hannak et al.,
2002), allowing for spatial distinction of the two entities.somes then separate and organize a bipolar spindle
during mitosis. Failure of centrosome duplication results The sperm contributes the only centrioles to the embryo
(Albertson, 1984; Wolf et al., 1978), which recruit PCMin a monopolar spindle, while excess centrosome dupli-
cation can generate a multipolar spindle. Therefore, cen- from maternal stores shortly after fertilization. While the
cell cycle in early C. elegans embryos oscillates betweentrosome duplication must occur once per cell cycle to
ensure genome integrity. Despite their importance, the S and M phases (Edgar and McGhee, 1988), centrosome
duplication remains coupled to DNA replication and ismechanisms governing centrosome duplication remain
incompletely understood. thought to initiate at the end of mitosis (O’Connell, 2000).
One component essential for centrosome duplicationCentrosomes consist of a pair of orthogonally ar-
ranged centrioles surrounded by pericentriolar material in C. elegans is the ZYG-1 kinase, which localizes at the
end of mitosis to a tiny dot in the center of centrosomes,(PCM). Ultrastructural analysis in vertebrate cells has
led to a detailed description of the canonical centrosome suggesting that it associates with centrioles (O’Connell
duplication cycle (reviewed by Hinchcliffe and Sluder, et al., 2001). Genetic analysis revealed a dual parental
2001). First, centrioles lose their orthogonal arrangement requirement for zyg-1 (O’Connell et al., 2001). Loss of
and split from one another. Second, a daughter centriole paternal zyg-1 prevents daughter centriole formation in
forms orthogonal to each mother centriole. Third, the PCM sperm, leading to failure of MTOC duplication in one-
parts and surrounds each mother-daughter centriole pair. cell stage embryos. In contrast, loss of maternal zyg-1
Centrosome duplication is coupled to DNA replica- prevents daughter centriole formation in the zygote,
tion, thus ensuring a single MTOC doubling event prior leading to failure of MTOC duplication starting at the
to cell division. CyclinA/E-Cdk2 kinase is central to this two-cell stage. Identification of novel components re-
coupling, being essential for entry into S phase and for quired for centrosome duplication in C. elegans will ad-
initiation of centrosome duplication (Hinchcliffe et al., vance our understanding of the duplication cycle in the
1999; Lacey et al., 1999; Matsumoto et al., 1999; Meraldi nematode and may reveal core mechanisms present in
et al., 1999). Components that have been implicated in all higher eukaryotes.
centrosome duplication in vertebrate cells include the
cyclinE-Cdk2 substrates nucleophosmin and CP110
(Chen et al., 2002; Okuda et al., 2000), the Mps1 kinase, Results
and the centrins HsCEN3 and centrin-2 (Fisk and Winey,
We sought to identify novel components required for
centrosome duplication in C. elegans. We took a func-*Correspondence: pierre.gonczy@isrec.unil.ch
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tional genomic approach to silence the vast majority of
ORFs on chromosome III using RNAi and identified a
gene whose inactivation results in defective spindle as-
sembly in early embryos (Go¨nczy et al., 2000). This gene
has been named sas-4 (for spindle assembly) and is the
focus of the present report.
sas-4 Is Required for MTOC Duplication
in Two-Cell Stage Embryos
In sas-4(RNAi) embryos, the sequence of events ob-
served by time-lapse DIC microscopy is indistinguish-
able from that in the wild-type at the one-cell stage
(Figure 1B, compare with Figure 1A; n  28). Strikingly,
however, a single MTOC can be detected in each blasto-
mere throughout the two-cell stage (Figure 1D, arrow-
heads). As a consequence, a bipolar spindle does not
assemble during mitosis, cleavage does not occur, and
karyomeres form as the two cells enter the following
interphase (Figure 1F). Fluorescent time-lapse micros-
copy of embryos expressing GFP--tubulin confirms
that a single MTOC is present in each blastomere of
sas-4(RNAi) embryos throughout the two-cell stage (n
17; data not shown). This single MTOC nucleates a ro-
bust array of microtubules, comparable to that of wild-
type embryos, and directs assembly of a monopolar
spindle during mitosis (Figure 1H). Therefore, sas-4 is
required for MTOC duplication in two-cell stage em-
bryos.
The phenotype of sas-4(RNAi) embryos is akin to that
of embryos deprived of maternal zyg-1 function (O’Con-
nell et al., 2001). By analogy, the lack of detectable
phenotype by DIC microscopy in sas-4(RNAi) embryos
at the one-cell stage may result from only maternal sas-4
being targeted with regular RNAi conditions because
spermatogenesis is completed when adult hermaphro-
dites are injected with dsRNA.
sas-4 Is Required More Generally for Cell Division
We investigated whether there is a more general require-
ment for sas-4 function. First, we established that sub-
jecting animals to RNAi in a manner that could inactivate
sas-4 during spermatogenesis results in failure of MTOC
duplication at the one-cell stage in 18% of the progeny
(Figure 1J; n  17). Second, we found that MTOC dupli-
cation fails also in cell cycles past the two-cell stage in
sas-4(RNAi) embryos subjected to regular RNAi condi-
tions (n  28; data not shown). Third, we observed that
a weak sas-4(RNAi) regimen results in adults that lack
germ cells and are slightly uncoordinated (Figure 1L).
These phenotypes resemble those obtained following
larval inactivation of zyg-1 or other loci generally re-
quired for cell division (O’Connell et al., 1998). Together,
(G and H) Fixed wild-type (G) or sas-4(RNAi) (H) two-cell stage em-
Figure 1. sas-4 Is Required for MTOC Duplication bryo stained with antibodies against -tubulin (green) and counter-
(A)–(F), (M), and (N); (G) and (H); and (K) and (L) are at approximately stained with Hoechst to view DNA (blue).
the same magnification; bars are 10 m. Anterior is to the left, and (I and J) DIC microscopy of one-cell stage progeny of wild-type (I)
arrowheads point to MTOCs or presumptive centrioles in this and or animals subjected to sas-4(RNAi) in a manner that could target
other figures. sperm (J).
(A–F) Time-lapse DIC microscopy of wild-type (A, C, and E) or sas- (K and L) Adult hermaphrodite, wild-type (K) or after weak sas-
4(RNAi) (B, D, and F) embryos, from mitosis in the one-cell stage 4(RNAi) (L).
(A and B) until the four-cell stage (E) or equivalent (F). Time elapsed (M and N) C. briggsae. DIC microscopy of wild-type (M) or sas-
is indicated in minutes and seconds. 4(RNAi) (N) embryo at a comparable stage.
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Figure 2. Nature of Single MTOC in sas-4(RNAi) Embryos
(A)–(L) are at approximately the same magnification; bar is 10 m.
Fixed wild-type (A–C and G–I) or sas-4(RNAi) (D–F and J–L) two-cell stage embryos stained with antibodies against -tubulin (A, D, G, and J)
and ZYG-9 (B and E) or ZYG-1 (H and K). Note that P1 is in metaphase in (G)–(I); therefore, ZYG-1 is not present at centrosomes in that
blastomere.
these data suggest that sas-4 is required for MTOC identify a tiny dot in the center of centrosomes, sug-
gesting that ZYG-1 and PLK-1 are present at centriolesduplication not only at the two-cell stage, but also in
many, and perhaps all, other cell cycles. or a closely associated structure (Figures 2G–2I and
data not shown; Chase et al., 2000; O’Connell et al.,
2001). Using both markers, we found that the PCM in
sas-4 Is Required for Centrosome Duplication sas-4(RNAi) embryos at the two-cell stage harbors a
Because centrosome duplication is coupled to DNA rep- single ZYG-1- and PLK-1-containing entity, the size of
lication, we investigated whether failure of MTOC dupli- which does not exceed that observed in wild-type (Fig-
cation in sas-4(RNAi) embryos is due to defective S ures 2J–2L and data not shown). Moreover, this struc-
phase progression. However, we found this not to be ture does not duplicate or increase in size in subsequent
the case (data not shown), arguing that sas-4 is required cell cycles (data not shown). While electron microscopy
more specifically for MTOC duplication. will be required to ascertain whether the PCM in sas-
We set out to determine the nature of the single MTOC 4(RNAi) embryos at the two-cell stage contains one or
in sas-4(RNAi) embryos at the two-cell stage. First, we two centrioles, these observations strongly suggest that
tested whether the single MTOC results from the failure sas-4 is required for centriole reproduction.
of two PCMs to separate from each other. We examined
the distribution of the PCM components -tubulin, SAS-4 Is a Predicted Coiled-Coil Protein
ZYG-9, and AIR-1 (Figures 2A–2C and data not shown; We determined the sequence of sas-4 using RT-PCR
Hannak et al., 2001, 2002; Matthews et al., 1998; Schu- and sequencing of a full-length cDNA. sas-4 is predicted
macher et al., 1998; Strome et al., 2001). Using all three to encode a protein of 808 aa with two coiled-coil do-
markers, we found that the MTOC in sas-4(RNAi) em- mains, which has a clear ortholog in C. briggsae (49%
bryos at the two-cell stage contains a single PCM (Fig- aa identity over 765 aa; see Supplemental Figure S1A
ures 2D–2F and data not shown). Moreover, quantifica- at http://www.developmentalcell.com/cgi/content/full/
tion with anti-ZYG-9 antibodies indicates that the 4/3/431/DC1). We found that RNAi-mediated inactiva-
average size of this PCM is not larger than that of one tion of the C. briggsae gene results in a failure of MTOC
PCM in wild-type embryos at a comparable stage (data duplication at the two-cell stage indistinguishable from
not shown). Therefore, the single MTOC in sas-4(RNAi) that observed in C. elegans (Figure 1N). Therefore, the
embryos is not due to failure of PCM separation. requirement for sas-4 function in centrosome duplica-
Next, we examined the distribution of two putative tion is conserved between the two nematodes, which
centriolar markers, ZYG-1 and the Polo-like kinase diverged 50–120 million years ago (Coghlan and Wolfe,
2002).PLK-1. In wild-type, antibodies against both proteins
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Figure 3. SAS-4 Localizes to Centrioles or a Closely Associated Structure
(A)–(L) and (M)–(N) are at approximately the same magnification; bars are 10 m. Insets show an 2-fold-magnified view of one MTOC.
Fixed wild-type one-cell stage embryos (A–F) or spermatocytes in meiosis I (N), and GFP-SAS-4 one-cell stage embryos (G–L) or spermatids
(M) stained with antibodies against -tubulin (A, D, G, and J) and SAS-4 (B, E, and N) or GFP (H, K, and M). For male germ cells, only the
merged image is shown (GFP or SAS-4, red; DNA, blue; -tubulin, green, only in [N]).
(A–C) Late anaphase; note that there are two closely apposed dots in the posterior MTOC, suggesting that centriole splitting occurs earlier
on that side.
(D–F) Late telophase; note that the two dots are further apart on the posterior side.
(G–I) Early prophase (pronuclear meeting).
(J–L) Prophase; cold treated. Projections of two confocal slices.
We also identified two proteins distantly related to Staining of transgenic embryos with anti-GFP antibodies
confirmed the findings made with anti-SAS-4 antibodiesSAS-4: an uncharacterized D. melanogaster ORF and
H. sapiens CPAP (Hung et al., 2000). Although sharing (Figures 3G–3I). While immunoelectron microscopy will
be required to ascertain the localization of SAS-4 withlittle identity over their entire length, the four proteins
contain two or more predicted coiled-coil domains, as more precision, these observations indicate that SAS-4
resides at centrioles or a closely associated structure.well as an 70 aa stretch with limited sequence relat-
edness (see Supplemental Figures S1A and S1B). We noted that SAS-4 is present at centrosomes
throughout the cell cycle in early embryos. While a single
dot can be detected per MTOC during most of the cellSAS-4 Localizes to Centrioles or a Closely
Associated Structure cycle, two dots become visible per MTOC toward the
end of mitosis (Figures 3D–3F). As this coincides withWe sought to determine SAS-4 distribution in C. elegans
embryos. Interestingly, we found that anti-SAS-4 anti- the onset of centrosome duplication (O’Connell, 2000),
the appearance of two dots likely reflects splitting ofbodies label a tiny dot in the center of centrosomes, as
well as in the cytoplasm, to a lesser extent (Figures the mother/daughter centrioles. Furthermore, we ob-
served a tiny dot next to the male pronucleus immedi-3A–3C). Both centrosomal and cytoplasmic staining are
reduced by 60% in sas-4(RNAi) embryos (Experimen- ately after fertilization, suggesting that SAS-4 is present
with the paternally contributed centrioles (data nottal Procedures), indicating that RNAi only partially de-
pletes SAS-4 but that both localizations reflect bona shown). Staining of sperm confirmed that SAS-4 is pres-
ent as a tiny dot in the perinuclear region, where centri-fide SAS-4 distribution. To verify that this is the case, we
generated transgenic animals expressing GFP-SAS-4. oles are known to reside (Figure 3M; Wolf et al., 1978).
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In fact, a tiny dot of SAS-4 is present in male germ the FRAP experiment, demonstrating that SAS-4 is re-
cruited to the centrosome once per cell cycle. Impor-cells throughout spermatogenesis (Figure 3N). We next
tested whether the distribution of SAS-4 is microtubule tantly, they also establish that SAS-4 is recruited to only
one centriole per centrosome.dependent. As shown in Figures 3J–3L, we found that
cold-induced depolymerization of the microtubule net- We next sought to determine whether SAS-4 is re-
cruited to the mother or daughter centriole. We exam-work does not alter SAS-4 distribution at the centro-
some. Taken together, these observations establish that ined embryos derived from the above cross at the end
of the two-cell stage. We reasoned that, if GFP-SAS-4SAS-4 is a core component of centrioles or a closely
associated structure. is recruited to the mother centriole at each cell cycle,
then two out of four centrioles should be GFP positive
at the end of mitosis in all early embryonic cell cycles,
including in blastomeres at the two-cell stage (FigureSAS-4 Is Recruited to the Centrosome Once
per Cell Cycle 4G, scenario 2). In contrast, if GFP-SAS-4 is recruited to
the daughter centriole at each cell cycle, then embryos,We investigated the dynamics of SAS-4 recruitment to
the centrosome using fluorescence recovery after pho- irrespective of their developmental stage, should con-
tain only two GFP-negative centrioles, those contributedtobleaching (FRAP) of GFP-SAS-4 transgenic embryos.
We photobleached one centrosome at different time by the sperm. Therefore, at the end of the two-cell stage,
three out of four centrioles should be GFP positive perpoints between the stage of pronuclear meeting and
cytokinesis in one-cell stage embryos and assayed fluo- blastomere. Strikingly, we found this to be the case
(Figure 4I; n 17 blastomeres). We conclude that SAS-4rescence recovery using four-dimensional confocal mi-
croscopy. We found that, while fluorescence recovers is recruited to the daughter centriole or to a closely
associated structure once per cell cycle.rapidly at a very low level in a “cloud” coinciding with
the PCM (Figure 4A, panel 3, arrow), strong and focused
recovery does not occur prior to the end of mitosis Discussion
(Figure 4E). Therefore, GFP-SAS-4 at presumptive cen-
trioles does not undergo significant exchange before Dual Parental Control of Centrosome Duplication
that time. Strikingly, however, we found that fluores- We found that inactivation of sas-4 in the female germ
cence recovers in two tiny dots, starting 1 min after line by RNAi results in a failure of MTOC duplication at
cytokinesis, irrespective of when photobleaching took the two-cell stage. This phenotype is indistinguishable
place (Figures 4C and 4E). To test whether this is a from that observed in embryos deprived of maternal
general feature of presumptive centriolar components, zyg-1 function (O’Connell et al., 2001). Interpretation of
we repeated these experiments using a transgenic strain this phenotype is aided by experiments conducted in
expressing GFP-PLK-1. In this case, we observed rapid echinoderm embryos (Mazia et al., 1960; Sluder and
exchange (T1/2 8 s) with a cytoplasmic pool at all times Begg, 1985). When mitosis is prolonged in such embryos,
(Figures 4B, 4D, and 4F). Therefore, the biphasic behav- mother/daughter centrioles split and move apart from
ior of SAS-4 is not a feature of all presumptive centriolar one another. Upon resumption of cell cycle progression,
components. Taken together, these findings demon- each single centriole recruits PCM and assembles a
strate that SAS-4 is a stable centrosomal component functional MTOC. By analogy, the paternally contributed
before the end of mitosis and that it is recruited to centri- centrioles in one-cell stage C. elegans embryos lacking
oles shortly thereafter, when centrosome duplication is maternal sas-4 or zyg-1 may split in the absence of
initiated. centrosome duplication and move apart from one an-
other. Each centriole could assemble a functional
MTOC, ensuring bipolar spindle formation in the one-
SAS-4 Is Recruited to the Daughter Centriole cell stage, but not duplicate thereafter, resulting in
We next investigated whether SAS-4 is recruited during monopolar spindle assembly at the two-cell stage (see
centrosome duplication to both mother/daughter centri- also O’Connell et al., 2001). According to this view, sas-4
oles or to only one of them. We crossed wild-type males and zyg-1 are not required for centriole splitting, but for
bearing GFP-negative centrioles with hermaphrodites a subsequent step in the duplication cycle. Although
expressing GFP-SAS-4. We examined the resulting em- fully consistent with the data, this interpretation awaits
bryos after the splitting of mother/daughter centrioles ultrastructural analysis to ascertain that each MTOC in
at the end of the one-cell stage. We used anti-SAS-4 or one-cell stage embryos lacking maternal sas-4 or zyg-1
anti-ZYG-1 antibodies to mark all four centrioles and contains a single centriole.
anti-GFP antibodies to mark those centrioles that re-
cruited GFP-SAS-4 from maternal stores during the first Centriole Splitting in C. elegans Embryos
round of centrosome duplication. If GFP-SAS-4 is re- Our analysis of the progeny of wild-type males and her-
cruited to both mother/daughter centrioles, then two maphrodites expressing GFP-SAS-4 demonstrates that
out of two centrioles should be GFP positive per spindle SAS-4 is recruited once per cell cycle to the daughter
pole (Figure 4G, scenario 1). In contrast, if GFP-SAS-4 centriole or a closely associated structure. These find-
is recruited to only one centriole, then one out of two ings establish that splitting of centrioles can be ob-
centrioles should be GFP positive per spindle pole (Fig- served in C. elegans embryos at the end of mitosis by
ure 4G, scenarios 2 and 3). As shown in Figure 4H, we fluorescent light microscopy, since a GFP-negative unit
found the latter to be the case (n  14 spindle poles). can be spatially resolved from a GFP-positive unit. Cen-
trioles also split at the end of mitosis in early DrosophilaThese results confirm and expand the conclusion from
Developmental Cell
436
Figure 4. SAS-4 Is Recruited to the Daughter Centriole Once per Cell Cycle
(A–D) FRAP of GFP-SAS-4 (A and C) or GFP-PLK-1 (B and D) one-cell stage embryos. Projections of confocal image stacks before photobleach-
ing (left), immediately after photobleaching (middle, white square indicates targeted area), and at a later time (right). Time elapsed is indicated
in minutes and seconds (time of third confocal slice in the stack is shown), with 00:00 corresponding to the end of photobleaching. All panels
are at the same magnification; bar is 10 m. Inset in (C) (right) shows a magnified view of the anterior centrosomal region. Note that, like
endogenous PLK-1 (Chase et al., 2000), GFP-PLK-1 also accumulates at kinetochores during prometaphase/metaphase.
(E and F) Time interval between bleach and recovery as a function of developmental time at recovery (0 s, pronuclear meeting; 400 s,
cytokinesis).
(G) Three scenarios for SAS-4 recruitment to centrioles. Cylinder, mother centriole; square, growing daughter centriole; rectangle, grown
daughter centriole. Structures shown in green have incorporated GFP-SAS-4 in the experiment where wild-type sperm bearing GFP-negative
centrioles fertilized GFP-SAS-4 oocytes.
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RNAiembryos or in vertebrate somatic cells (Callaini and Ri-
Primer pairs were selected to PCR wild-type genomic DNA (posi-parbelli, 1990; Piel et al., 2000; White et al., 2000). Our
tions 23084–24687 on C. elegans cosmid F10E9 or positions 43772–findings also indicate that splitting of centrioles occurs
45026 on C. briggsae Contig cb25.NA_171). dsRNA was generated
prior to daughter centriole formation in C. elegans em- and injected essentially as described (Go¨nczy et al., 2000). Worms
bryos, as has been described in other systems by ultra- were allowed to recover for 36 hr at 16C or 24 hr at 20C before
structural analysis (reviewed by Hinchcliffe and Sluder, analysis.
A bacterial strain for RNAi by feeding was generated with the2001). Because SAS-4 is recruited once per cell cycle to
appropriate primer pairs (Timmons et al., 2001). For RNAi-mediatedthe daughter centriole and does not undergo significant
inactivation during spermatogenesis, hatching embryos were sub-exchange thereafter, GFP-SAS-4 transgenic animals of-
jected to RNAi by feeding for their entire life, and their progeny were
fer the potential to track individual centrioles during analyzed. Surprisingly, embryos with a monopolar spindle at the
wild-type development and in mutant conditions. one-cell stage underwent MTOC duplication in subsequent cell cy-
cles, suggesting that continuous exposure to dsRNA may dampen
RNAi in female germ cells. For weak RNAi, hermaphrodites wereHow Does SAS-4 Function?
placed on an RNAi feeding plate, their hatching progeny were trans-The mechanisms by which SAS-4 governs centrosome
ferred 24 hr later to regular OP50 plates, and the resulting adultsduplication remain to be determined. SAS-4 could pro-
were analyzed.vide a nucleus for daughter centriole elongation or stabi-
lize the emerging daughter centriole. Regardless of the
sas-4 Gene Structureunderlying mechanism, the requirement for SAS-4 in
RNA from mixed developmental stages was prepared for RT-PCRMTOC duplication has been conserved between C. ele-
reactions (Qiagen) using SL1 or SL2 forward primers. The productsgans and C. briggsae. While obvious sequence conser-
were utilized as template for nested PCR, with SL1 or SL2 forwardvation does not extend to other metazoans, we identified
primers and a different reverse primer, yielding a strong band of the
a distant relative of SAS-4 in D. melanogaster and in H. expected size with SL2 and a much weaker band with SL1. Se-
sapiens. Interestingly, the human relative CPAP local- quence comparison of the SL2-containing fragment and cDNA
izes to centrosomes (Hung et al., 2000). As the PCM is yk425b11 (a gift from Yuji Kohara) indicated that yk425b11 corre-
sponds to full-length sas-4.not much larger than centrioles in mammalian somatic
cells, the structure with which CPAP associates remains
to be determined. CPAP interacts with the -tubulin Anti-SAS-4 and anti-ZYG-1 Antibodies
complex and has been reported to promote microtubule Amino acids 350–517 of SAS-4 were expressed with pGEX-6P-3
nucleation (Hung et al., 2000). We think it unlikely that (Pharmacia) and injected into two rabbits according to standard
sas-4 plays an analogous role in C. elegans because procedures (Eurogentec). Antibodies were affinity purified with a
Hitrap NHS column (Pharmacia) coupled to the antigen or a stripmicrotubule-dependent processes, such as pronuclear
of denatured fusion protein blotted onto nitrocellulose. Anti-SAS-4migration or spindle positioning, are not affected in sas-
antibodies were stored at0.13g/ml. Antibodies from both rabbits4(RNAi) embryos. It will be interesting to test whether
and purification methods showed similar staining patterns.
CPAP or the Drosophila protein is required for centro- To assess the intensity of anti-SAS-4 signal, we imaged the bright-
some duplication and whether deregulation of CPAP est focal plane for each centrosome using a 12-bit CCD camera
may contribute to aberrations in centrosome size and and signal intensity at centrosomes and in the cytoplasm deter-
number that are characteristic of many tumors (reviewed mined with Metamorph (Universal Imaging). Average values were
as follows: at centrosomes, 934 arbitrary units (SD  305, n  7)in Nigg, 2002).
for wild-type and 404 arbitrary units (SD  103, n  5) for sas-
4(RNAi) (43% of wild-type); in the cytoplasm, 719 arbitrary unitsExperimental Procedures
(SD  165, n  7) for wild-type and 267 arbitrary units (SD  73,
n  5) for sas-4(RNAi) (37% of wild-type).Nematodes
Anti-ZYG-1 antibodies were raised against a synthetic peptideC. elegans (N2) and C. briggsae (AF16) were handled according to
corresponding to aa 613–629 (O’Connell et al., 2001) by standardstandard procedures (Brenner, 1974). For generation of transgenic
procedures (Eurogentec), affinity-purified against the antigen cou-animals, appropriate primer pairs (all primers sequences available
upon request) were utilized to PCR amplify plk-1 genomic DNA, pled to a Hitrap NHS column, and stored at 1.3 mg/ml.
replacing the first ATG by CTG, or full-length sas-4 cDNA. The se-
quence-verified fragments were cloned into pSU25, a modified
Indirect Immunofluorescencepie-1-gfp germline expression vector (Reese et al., 2000) carrying
For most antibodies, embryos were methanol fixed and processedan unc-119 cDNA (a gift from Susie Kaitna and Michael Glotzer).
essentially as described (Go¨nczy et al., 1999). For anti-SAS-4, slidesThe resulting plasmids were bombarded as described (Praitis et al.,
were blocked with 2% BSA in PBS for 30 min, washed for 5 min2001), yielding two independent integrated strains for gfp-plk-1 (unc-
in PBS-Tween 20 (0.05%) and for 5 min in PBS, and incubated with119(ed3) isIs18 {pSL445:pie-1-GFP-PLK-1(C14B9.4)}) and one for gfp-
primary antibodies O/N at 4C. The rest of the staining proceduresas-4 (unc-119(ed3) isIs20 {pSL446:pie-1-GFP-SAS-4(F10E9.8)}). GFP-
was as for other antibodies. To depolymerize microtubules, weSAS-4 was expressed not only in ooctyes and early embryos, as
expected from the pie-1 promoter, but also in male germ cells. placed the slide 5–10 min prior to fixation on an aluminum block
(H and I) Fixed embryos at the end of the one-cell ([H], projection of four confocal slices) or two-cell stage ([I], AB blastomere, projection of
three confocal slices) from a cross between wild-type males and GFP-SAS-4-expressing hermaphrodites stained with antibodies against
ZYG-1 (red) and GFP (green) and counterstained with Hoechst to view DNA (blue). Both panels are at approximately the same magnification;
bar is 10 m. Insets show an 2-fold-magnified view of spindle poles.
(H) At the end of the one-cell stage, one out of two centrioles per spindle pole is GFP positive. Note that centrioles are well separated in the
posterior, but partially overlapping in the anterior. Only the posterior spindle pole was scored in this embryo. Although we found one out of
two GFP-positive centrioles per spindle pole in 14 cases, two out of two centrioles were GFP positive in both spindle poles in one embryo.
This single occurrence most likely stems from a self-fertilized GFP-SAS-4 embryo.
(I) At the end of the two-cell stage, three out of four centrioles per blastomere are clearly GFP positive. Note that there is a trace of GFP in
the remaining centriole, probably reflecting onset of daughter centriole reproduction.
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precooled on ice. Male germ cells were prepared following a proto- Fry, A.M., Meraldi, P., and Nigg, E.A. (1998). A centrosomal function
for the human Nek2 protein kinase, a member of the NIMA familycol kindly provided by Penny Sadler and Diane Shakes (Golden et
al., 2000). of cell cycle regulators. EMBO J. 17, 470–481.
Primary antibodies were 1:400 mouse anti-tubulin (DM1A; Sigma), Golden, A., Sadler, P.L., Wallenfang, M.R., Schumacher, J.M., Ham-
1:2000 rabbit anti-ZYG-9 (Go¨nczy et al., 2001), 1:2000 rabbit anti- ill, D.R., Bates, G., Bowerman, B., Seydoux, G., and Shakes, D.C.
AIR-1 (Hannak et al., 2001), 1:2000 rabbit anti-TBG-1 (Hannak et al., (2000). Metaphase to anaphase (mat) transition-defective mutants
2002), 1:2000 rabbit anti-PKL-1 (Chase et al., 2000), 1:2000 rabbit in Caenorhabditis elegans. J. Cell Biol. 151, 1469–1482.
anti-ZYG-1 (this study), 1:1600 rabbit anti-SAS-4 (this study), and
Go¨nczy, P., Bellanger, J.M., Kirkham, M., Pozniakowski, A., Baumer,
1:600 rabbit anti-GFP (a gift from Viesturs Simanis). Slides were
K., Phillips, J.B., and Hyman, A.A. (2001). zyg-8, a gene required for
counterstained with 1 g/ml Hoechst 33258 (Sigma) to reveal DNA.
spindle positioning in C. elegans, encodes a doublecortin-related
Secondary antibodies were 1:2000 goat anti-mouse Alexa488 (Mo-
kinase that promotes microtubule assembly. Dev. Cell 1, 363–375.
lecular Probes) and 1:2000 donkey anti-rabbit Cy3 (Dianova).
Go¨nczy, P., Echeverri, G., Oegema, K., Coulson, A., Jones, S.J.,
Copley, R.R., Duperon, J., Oegema, J., Brehm, M., Cassin, E., et al.FRAP and Image Analysis
(2000). Functional genomic analysis of cell division in C. elegansFRAP was performed on an LSM510 Zeiss confocal microscope,
using RNAi of genes on chromosome III. Nature 408, 331–336.acquiring five (GFP-PLK-1) or six (GFP-SAS-4) 1 m confocal slices
Go¨nczy, P., Schnabel, H., Kaletta, T., Amores, A.D., Hyman, T., andat each time point, with bidirectional scanning of 512  512 pixels
Schnabel, R. (1999). Dissection of cell division processes in the oneat 1% laser power, resulting in acquisition times of 5 s per stack.
cell stage Caenorhabditis elegans embryo by mutational analysis.A square of 45  45 pixels centered on one centrosome was
J. Cell Biol. 144, 927–946.bleached with 50 iterations and 100% laser power. Stacks were then
acquired every 5 s (GFP-PLK-1) to 30 s (GFP-SAS-4). We retained for Hannak, E., Kirkham, M., Hyman, A.A., and Oegema, K. (2001). Au-
analysis those movies in which complete loss of signal was achieved rora-A kinase is required for centrosome maturation in Caenorhab-
at the centrosome and in which the centrosome remained within ditis elegans. J. Cell Biol. 155, 1109–1116.
the stack. A projection of all slices of each stack was generated in Hannak, E., Oegema, K., Kirkham, M., Go¨nczy, P., Habermann, B.,
Metamorph, a disk20 pixels in diameter drawn around the position and Hyman, A.A. (2002). The kinetically dominant assembly pathway
of the centrosome, and recovery of fluorescence within that disk for centrosomal asters in Caenorhabditis elegans is gamma-tubulin
was determined. While T1/2 values for PLK-1-GFP are quite accurate, dependent. J. Cell Biol. 157, 591–602.
they are only best approximations for SAS-4-GFP because of the
Hinchcliffe, E.H., Li, C., Thompson, E.A., Maller, J.L., and Sluder, G.more spatially restricted signal.
(1999). Requirement of Cdk2-cyclin E activity for repeated centro-Indirect immunofluorescence was imaged on the confocal micro-
some reproduction in Xenopus egg extracts. Science 283, 851–854.scope with 0.7–0.8 m optical slices. Images were processed with
Hinchcliffe, E.H., and Sluder, G. (2001). “It takes two to tango”:Adobe Photoshop.
understanding how centrosome duplication is regulated throughout
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